The ever-increasing need for high speed communication between chips have resulted in a long term search for an alternative solution, namely optical interconnects, aiming a replacement of conventional electrical interconnects that suffer from high-power consumption. 1, 2 Among the basic building blocks, like waveguides, photodetectors, modulators and filters, needed for an optical link, the on-chip laser source is another key component. For on-chip laser source applications, Ge is a promising material as it can been easily grown on a Si platform as compared to III-V materials. Since Ge is intrinsically an indirect bandgap material, the light emitting properties of such a material are very poor. However, due to the relatively small difference between the indirect (0.66 eV) and direct bandgap (0.8 eV), the semiconductor community has looked into a number of methods to transform the indirect band-gap material to a direct band-gap material. [3] [4] [5] One method to obtain a direct bandgap group IV material is by applying tensile strain to Ge, which changes its band structure, as previously proposed by Fischetti et al. 5 If biaxial tensile strain is applied, the direct bandgap shrinks faster than the indirect bandgap. Fischetti et al. calculated the required biaxial tensile strain to be 1.4% to obtain a direct bandgap. 5 The second option is by adding a sufficiently large amount of Sn to the Ge matrix forming a Ge 1−x Sn x alloy. 4, 6, 7 As the introduction of strain and Sn both modify the band structure of Ge, theoretical analysis is required to quantify the critical Sn content to obtain a direct bandgap material for different strain conditions.
In order to apply strain to the active Ge 1−x Sn x layer, a buffer layer with a specific lattice constant could be used. The buffer layer needs to be strain relaxed to achieve its bulk lattice constant because it is generally grown on a Si platform. This strain relaxed buffer (SRB) layer does not only require a controlled lattice constant but also a large bandgap to enable effective carrier confinement in the active Ge 1−x Sn x layer in both the conduction and valence bands. As a result, Si 1−y−z Ge y Sn z is a potentially suitable material for the buffer and barrier layers because the lattice constant and the energy bandgap can be simultaneously controlled by choosing appropriate Sn and Si contents. 8, 9 Therefore, we propose to use an epitaxial stack layer consisting of a direct bandgap Ge 1−x Sn x active layer coherently grown on a Si 1−y−z Ge y Sn z SRB for a group IV laser with a high optical gain. A * Electrochemical Society Member.
e Present address: Graduate School of Engineering, Nagoya University, Nagoya, Japan. z E-mail; ysimura@alice.xtal.nagoya-u.ac.jp similar proposal has been made by Chang et al. 10 However, in practice it is difficult to obtain fully relaxed (Si 1−y−z )Ge y Sn z . [11] [12] [13] Therefore, the degree of strain relaxation (DSR) needs also to be considered when designing the material stack of the target laser devices. The low solubility limit of Sn into Ge and Si restricts us to use an as low as possible Sn content.
14 As a result, this manuscript aims to propose a material stack for laser devices consisting of group IV elements with the lowest possible but sufficient Sn content to obtain direct bandgap characteristics.
Using the model solid theory approach, we will first calculate the required Sn content in Ge 1−x Sn x as a function of strain to obtain a direct bandgap material. 15 The parameters we used have been taken from literatures. Some of these theoretical values have also been confirmed experimentally. We then estimate the bandgap of the Si 1−y−z Ge y Sn z SRB layer using the same theory to extract the conduction and valence band offsets with respect to the pseudomorphically strained Ge 1−x Sn x active region. The DSR is varied in our modelling. Finally, we will propose a layer stack for an electrically pumped laser device taking the shift of the Fermi level position caused by impurity doping into account.
Modeling Framework
We first calculate the bandgap energies for strain free (Si 1−y−z )Ge y Sn z layers using Vegard's law taking bowing effects into account. Next, we discuss the strain induced energy shift as calculated by using the model solid theory. 15 In (Si 1−y−z )Ge y Sn z , hydrostatic stress linearly shifts the energy positions of the L-point, E cL and the -point, E c , in the conduction band and E v,av , the average energy of the uppermost 3 valence bands (light hole, heavy hole and spin-orbit split-off band) at the point of the band-structure. The energy shifts can be expressed as:
where E c and E v,av denote the energy shift by strain for the conduction band and the average valence band, respectively. For the conduction band, the energy shift at different k-space of the energy band diagram (i = or L) are considered to determine whether the bandgap is direct or indirect. a ci and a v represent the hydrostatic deformation potential for the conduction band at the or L valley and the valence band, respectively. ε xx and ε yy denote the strain in the (Si 1−y−z )Ge y Sn z layer in the direction parallel to the (Si 1−y−z )Ge y Sn z /substrate interface, and ε zz is the strain perpendicular to the plane of the interface. The impact of DSR is considered in these strain values. In order to estimate the strain, the lattice constant of (Si 1−y−z )Ge y Sn z was estimated using Vegard's law with bowing parameters of for lattice constant, b l .
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We assume the bowing parameter for the Si 1−z Sn z lattice constant to be 0. In addition, the shear components of the strain lead to additional splitting in the valence bands, their relative positions from E v,av can be expressed as:
[2b] where E v,hh and E v,lh are the energy shifts for the heavy and light hole bands, respectively. 0 denotes spin-orbit splitting, and δE 001 = 2b s (ε zz -ε xx ), where b s is the shear deformation potential. For the conduction band at the L point, we do not have to consider this additional splitting by shear components of the strain as the 8 valleys along 111 can be treated as equivalent when stressed along the (001) plane for a (Si 1−y−z )Ge y Sn z material. As a result, the bandgap of strained (Si 1−y−z )Ge y Sn z can be calculated from the bandgap of an relaxed layer together with the energy shift caused by strain.
All other parameters, represented as P SiGeSn , except the bandgap and lattice constant were linearly interpolated as:
A summary of the material parameters used in this work for pure Si, Ge and Sn is listed in Table I . The impact of strain on these parameters has not been reported in literature and therefore, these strain effects are not considered in Eq. 3.
Results
Transition to direct bandgap material for Ge 1−x Sn x .-The calculated lowest bandgap energy of Ge 1−x Sn x as a function of both Sn content and biaxial strain is shown in Fig. 1 . The colored region corresponds to the case in which the point is lower than L point in the conduction band resulting in a direct bandgap material. The uncolored region corresponds to the case of an indirect bandgap. The black solid lines represents the band-gap of the material. The bending of these solid lines are observed close to direct/indirect bandgap transition reflecting the different dependencies of the -valley and L-valley on composition and strain. Similarly, the same bending phenomena are observed close to the transition from compressive to tensile strain as the uppermost valence band changes between light hole and heavy hole. The area at the left of the red dashed line corresponds to Ge 1−x Sn x with a compressive stress higher than strained Ge 1−x Sn x grown on relaxed Ge. In practice, this can be achieved by growing Ge 1−x Sn x lattice matched to Si 1−y Ge y . When fully compressively strained Ge 1−x Sn x is grown on Ge (red dashed line), Ge 1−x Sn x is always indirect. With sufficient partial relaxation, the Ge 1−x Sn x can become a direct bandgap material if it contains sufficient Sn. As a result, the minimum Sn content necessary to make Ge 1−x Sn x a direct bandgap material decreases with decreasing compressive strain. This decrease in minimum Sn content continues for tensile strained. This can for example be obtained by growing strained Ge 1−x Sn x on fully relaxed Ge 1−y Sn y with x < y. A direct bandgap material is also obtained for tensile strained Ge (purple dashed line) with sufficiently strain which we calculated to be at least 1.8%. Required Sn in the SRB.-Fully strained Ge 1−x Sn x on an appropriate buffer layer can suppress the introduction of additional dislocations by strain relaxation. For a given Sn content in the active Ge 1−x Sn x layer, the minimum amount of strain required to obtain a direct bandgap is given by the calculation results summarized in Fig. 1 . The assumption of a pseudomorphically grown active Ge 1−x Sn x layer on top of the SRB allows us to estimate the required lattice constant in the SRB layer as a function of the Sn content in the active layer to realize the required strain with the constraint of E cL = E c (boundary between colored and uncolored region in Fig. 1 ). The red curve in Fig. 2 shows the required Sn content for a fully relaxed Ge 1−y Sn y SRB. In practice it is difficult to realize a fully relaxed SRB layer.
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Therefore, we performed the same exercise for partially relaxed SRBs (Green and blue curves in Fig. 2) . Independent of the DSR of the SRB, the required Sn content in the Ge 1−y Sn y SRB shows a minimum for a Sn content around 10% in active Ge 1−x Sn x . Because of the low Sn solubility limit, it is recommended to keep the implemented Sn content as low as possible. A fully relaxed SRB should contain at least 7.48% Sn. The required Sn concentration in the SRB increases with decreasing DSR in order to maintain the lattice constant (Fig. 2) . E.g. if the SRB is only 80% relaxed we calculated the minimal required Sn concentration in the SRB to obtain a direct bandgap in the active layer to be 9.36%.
Band offsets.-In addition to having a direct bandgap material, carrier confinement in the gain medium is another important parameter that needs to be taken into account. The band offset between the buffer layer and the active medium, which determines the carrier confinement under electrical or optical pumping, has to be at least 26 meV, equal to the thermal energy, for both the conduction and the valence band. As a result, for any carrier confinement, the difference between the bandgap of the SRB, Eg SRB , and that of the active medium, Eg active , must be at least 52 meV. First, the band-offset without any electrical bias will be considered. Next, we will proceed with devices under bias where the position of the fermi-energy determined by impurity doping.
The addition of Si, which has a larger bandgap compared to Ge and Sn (Table I) , into the SRB increases Eg SRB . This enables tuning of the band-offset between the buffer layer and the active medium. In order to maintain the Si 1−y−z Ge y Sn z SRB's lattice constant to the required value as calculated in Fig. 2 , the Si content in SRB must follow the relation;
where Sn% denotes Sn the content in the Si 1−y−z Ge y Sn z SRB, "A" denotes the required Sn content when Ge 1−y Sn y is used as SRB (Fig. 2) . The Sn content in the Si 1−y−z Ge y Sn z SRB has to be larger than the "A". The "A" value is a function of Sn content in the active layer as shown in Fig. 2 . Here, bowing parameters for the lattice constant are assumed not to be included in Eq. 4 as the effect in Si% is almost ignorable. According to Eq. 4, the required Si content to maintain the lattice constant of the SRB decreases with decreasing DSR as "A" increases. The (Eg SRB -Eg active )/2 values for different DSR in the SRB are calculated as function of the Sn content in the active Ge 1−x Sn x layer and in the Si 1−y−z Ge y Sn z SRB, respectively (Fig. 3) . If the Sn content exceeds 8%, the bandgap of the active Ge 1−x Sn x layer strongly decreases with increasing Sn content as can be seen in Fig 1. This results are reflected in Fig. 3 . When the Sn content in the active region exceeds 8%, the required Si content in SRB becomes less. Eventually, a fully relaxed Ge 0.92 Sn 0.08 (without Si) SRB can realize 26 meV offsets if it is combined with a compressively strained Ge 0.86 Sn 0.14 active layer pseudomorphically grown on the SRB.
Assuming the DSR of the SRB to be 100% (Fig. 3a) , pure Ge grown on Si 1−y−z Ge y Sn z SRB requires at least 14% Sn and 10% Si to obtain direct bandgap material with sufficiently high conduction and valence band offsets (>26 meV). With decreasing DSR of the SRB, a higher Sn content is required to maintain the band offsets. The window which offers confinement decreases with decreasing DSR. However, even for a DSR of the SRB as low as 80% (Fig. 3c) , we expect a direct bandgap material with sufficiently high band offsets for a fully strained active Ge 1−x Sn x layer with 8% Sn grown on a Si 1−y−z Ge y Sn z SRB with 12.5% Si and 13% Sn). ) unless CC License in place (see abstract When the active layer is under tensile strain, the laser operates at a higher differential optical gain as the light hole valence band is no longer degenerate with the heavy hole band. 24 In Ref. 24 it was shown that 0.25% tensile strain is sufficient to effectively increase the gain. Reducing the Sn content in the active layer from 8% to 6% (assuming 80% relaxation in the Si 0.138 Ge 0.722 Sn 0.140 SRB) is expected to offer a promising structure for group-IV laser device. Compared to the strain free Ge 1−x Sn x discussed above, the increase in required Sn content in the SRB is only 1%. In the given structure, the active Ge 0.94 Sn 0.06 layer contains 0.33% tensile strain (the critical thickness for strain relaxation is estimated to be 35∼50 nm 25 ). The calculated band gaps are 0.543 eV and 0.607 eV for the active layer and SRB, respectively. We would like to emphasize that the interface between the active layer and the SRB layer would ideally be defect-free as the active layer is coherently grown on the SRB.
Typical operation of a semiconductor laser device, typically a p-in diode, would be electrically pumped. As a result, the band offsets at the conduction and valence band are also required when the device is forward biased. We consider an intrinsic active Ge 0. Fig. 4 . The required doping concentrations have been calculated using material parameters such as intrinsic carrier concentration and effective density of state are those of pure Ge at 300 K.
Summary
Theoretical calculations using the model solid theory were performed to design a group-IV laser stack based on a fully strained Ge 1−x Sn x active layer grown on strain relaxed Si 1−y−z Ge y Sn z buffer/barrier layer. If the SRB has a sufficiently large lattice constant, the epitaxial Ge 1−x Sn x layer grown on top of it will always be a direct bandgap material. The impact of the DSR on the band offset between the active and the SRB layer has been considered. For a realistic scenario where the DSR of SRB is limited to 80%, we designed the laser device structure with a fully strained Ge 1−x Sn x with 6% Sn as the active layer on top of a Si 1−y−z Ge y Sn z SRB (Si 13.8%, Sn 14%) which enables to achieve a direct bandgap Ge 1−x Sn x active layer with a band offset of 26 meV to allow carrier confinement between the valence band and the conduction band. At the end, we proposed the final structure for a group-IV laser which is a fully strained Ge 0.940 Sn 0.060 layer embedded in Si 0.138 Ge 0.722 Sn 0.140 with doping concentration of 2 × 10 17 /cm 3 for the top p-type SRB and 6 × 10 17 /cm 3 for the bottom n-type SRB assuming 0.2 V potential drop at both interfaces.
